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Introduction
Dye-sensitized solar cells (DSSCs) have emerged as one promising candidate for renewable and green energy owing to their low cost fabrication procedure and attractive power conversion efficiency (ƞ) [1, 2] . To date, a great deal of sensitizing dyes, including metal complexes [3] [4] [5] [6] [7] [8] and organic molecules [9] [10] [11] [12] , has been exploited to achieve high ƞ. As such, several DSSCs show ƞ > 10% under AM1.5 simulated solar light (100 mW cm -2 ) [13] [14] [15] [16] [17] . Compared to ruthenium-based sensitizers, organic dyes are attractive because of their high molar extinction coefficients, structural variety and possibly low cost due to the absence of platinoid ion and exciting progresses have been made recently with these materials [18, 19] .
Generally, effective organic dyes for high performance of DSSCs are constructed around a donor-π-bridge-acceptor (D-π-A) framework resulting in effective intramolecular charge transfer [20] [21] [22] [23] [24] . Recently, the concept has been extended to D-A-π-A [24] [25] [26] [27] [28] [29] architecture, in which the additional acceptor unit is favorable to the photophysical properties of the dyes, enhancing the photovoltaic performances and the photostability of dyes. Among these DSSCs dyes, considerable endeavors have been made to design new-type donor moieties, such as triphenylamine [10, 19, 25] , carbazole [23, 24] , phorphyrin [26] , indoline [30] and phthalocyanine derivatives [31, 32] . Triarylamine derivatives are the one of most effective dyes in DSSCs owing to their good electron-donating character and generally reversible oxidation process [33] . Conversion efficiencies in the range of 9-10 % have been reported with arylamine-based organic dyes [33] . For example, a D-A-π-A dye (WS-9) using M A N U S C R I P T
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4 indoline derivatives as the donor, cyanoacrylic acid as the acceptor, n-hexylthiophene unit as the conjugated spacer and the benzothiadiazole unit as the additional acceptor unit achieved ƞ = 9.04% with iodine electrolyte [34] . Hua and coworkers designed an D-A-π-A motif based on arylamine organic dyes utilizing quinoxaline unit as the additional acceptor moiety (YA422), resulting in a ƞ = 10.65% with [Co(bpy) 3 ] 3+/2+
electrolyte [35] . However, arylamine-based organic dyes remain some challenges including lack of absorption in the near-infrared region and dye aggregation on the TiO 2 film. Therefore, further red-shifted absorption spectra can be obtained by grafting additional conjugated spacer between the donor and acceptor units to form a D-π-A-π-A framework owing to the expended conjugation. Lin and his coworkers demonstrated the D-π-A-π-A motif possessed broad absorption spectra and efficient light-to-electricity conversions [36] . Even so, the research of structure-property relationship of this D-π-A-π-A motif is still overlooked.
Encouraged by the successful application of triphenylamine (TPA) to DSSCs, herein we propose the use of 5-phenyl-5H-dibenzo[b,f]azepine, PDBAz, as a novel donor group of organic dye for DSSC. Because of some structural similarity with TPA, it was expected that PDBAz would still provide advantageous properties of TPA, such as good hole transporting ability and sterically-hindered structure limiting dye aggregations [37] [38] [39] . Furthermore, the additional conjugation in PDBAz would result in red-shifted absorption, thus leading to an expected enhancement of J sc .
We have prepared two dyes based on the D-π-A-π-A architecture with isoindigo and cyanoacrylic acid as acceptor groups and thiophene as π-linker.
chains were grafted onto the isoindigo unit to ensure solubility and disrupt undesirable dye aggregation. To study the effect of molecular structure on photovoltaic performance, two donor groups were used: dye YC-1 has PDBAz while dye YC-2 uses bis-PDBA-aniline, a much bulkier donor moiety (Chart 1). Both dyes show panchromatic absorption from 300 nm to 800 nm in solution and neat film. To study the effect of the donor size on photovoltaic performance, YC-1 and YC-2 were used as sensitizer for dye-sensitized solar cells with an iodide-based electrolyte. The device using YC-1 as the sensitizer exhibited better photovoltaic performance (ƞ = 4.38%
with J sc = 12.12 mA cm -2 ) than the cell using YC-2 ( ƞ = 1.46% with J sc = 4.84 mA cm -2 ) due to major difference in J SC . Compared to the analogous TPA-based dye (ID1:
3.52 %, 9.89 mA cm -2 ) [38] , YC-1 shows enhanced performance in the same condition. Density functional theory (DFT) calculations and electrochemical impedance spectroscopy (EIS) have been used to understand the structure-property relationship of both YC-1 and YC-2.
Experimental section
Materials
Transparent conducting oxide (TCO, 15 Ω /square, F-doped SnO 2 from Geao Science and Educational Co. Ltd.) was used as the substrate for the TiO 2 thin-film electrode.
Methoxypropionitrile (MPN) was purchased from Aldrich. Tetra-n-butylammonium hexafluorophosphate (TBAPF 6 ) and lithium iodide were bought from Fluka. Iodine (99.999%) was purchased from Alfa Aesar. Intermediate 7 has been reported in the M A N U S C R I P T
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6 previous literature [40] . The starting material of 10-methoxy-5H-dibenzo[b,f]azepine is purchased from Energy Chemical. All other solvents and chemicals used in this work were of reagent grade and used without further purification.
Characterization
1 H NMR and 13 C NMR spectra were obtained with a Brucker AM 400 spectrometer.
Mass spectra (MS) were recorded on a Bruker Autoflex MALDITOF instrument using 
10-methoxy-5-(4-(thiophen-2-yl)phenyl)-5H-dibenzo[b,f]azepine (2)
To a mixture of 1 (500 mg, 1.33 mmol) and 2-(tributyltin)thiophene (740 mg, 2.0 mmol) in toluene (25 mL) was added Pd(PPh 3 ) 4 (57 mg, 0.05 mmol) and then refluxed for 12 h under nitrogen atmosphere. After cooled down to room temperature (RT) and quenched with water, the mixture was extracted with DCM (3 × 30 mL).
The combine organic layers were washed with water and dried with anhydrous MgSO 4 . After filtration, the solvent was removed under vacuum and the residue was purified by silica gel column chromatography with (PE/DCM, 6/1) as eluent to obtain 2 as a white solid (100 mg, 19% 
10-methoxy-5-(4-(5-(trimethylstannyl)thiophen-2-yl)phenyl)-5H-dibenzo
4-(thiophen-2-yl)aniline (4)
Pd ( 
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Results and discussion
Synthesis and characterized
The synthetic routes of the two dyes YC-1 and YC-2 are described in Scheme 1.
Intermediates 1 
Photophysical properties
The UV-vis absorption spectra of YC-1 and YC-2 are shown in Figure 1 and the corresponding data are listed in Table 1 compared to that achieved in solution (Figure 2 and Table 1 ). According to previous reports, this blue shift is caused by the deprotonation of the dyes on TiO 2 film and formation of H-aggregates [41, 42] .
Electrochemical property
To investigate the possibility of electron transfer from the dyes to TiO 2 , cyclic voltammetry was carried out to estimate the redox potentials of YC-1 and YC-2 and the data are summarized in Table 1 
Theoretical calculations
In order to investigate the relationship between electronic distribution and molecular structure, density functional theory (DFT) calculations were performed to optimize the geometry of both dyes based on Gaussian 09 at B3LYP/6-31G(d) level.
As shown in Figure 4 , a similar pattern of highest occupied molecular orbitals To gain further insight into the influence of molecular structure on the current density of the devices, the incident photo-to-current conversion efficiency (IPCE) of the devices were measured (Figure 6 ). Both dyes show two well-separated peaks at 349 nm and 419 nm and one broad peak between 500 nm and 800 nm. The shape of the spectra is reminiscent of the absorption spectra with a blue shift as observed in the absorption spectra of the TiO 2 films. Importantly the IPCE of YC-1 based device is about 61 %, 48 % and 31 % at 349 nm, 419 nm 559 nm, respectively while YC-2 based device exhibits IPCE of only 51 %, 38 % and 15 % at the same wavelengths.
Therefore the IPCE of the YC-1 based device is about 10 % higher across the whole visible wavelength range than that of YC-2 based device. This result is ascribed to the better light harvesting properties of YC-1 (higher epsilon) than YC-2, which was M A N U S C R I P T
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19 expected from the absorption spectra (Figure 1) . Consequently, the higher IPCE values of YC-1 results in the much higher J sc compared to YC-2.
Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) was carried out to explore the electron recombination dynamics in the devices. The Nyquist plots and bode plots of DSSCs based on YC-1 and YC-2 were recorded in dark with applied bias of 0.55 V and the results are shown in Figure 7 and Figure 8 .
Estimated from the fitting of the EIS spectra with an electrochemical model [38, 45] , the series resistances (R S ), charge transfer resistances at the Pt/electrolyte interface (R CE ) and dye/TiO 2 /electrolyte interface (R rec ) were calculated ( Table 3) . The R S and R CE corresponding to the arc in high frequency region (Figure 4 inset) show almost the same value in both DSSCs owing to the same electrode and electrolyte. R rec corresponds to the middle arc in low frequency region and indicates that the R rec of YC-1 based device is distinctly higher than that of YC-2 based device.
The intermediate frequency peak in the EIS Bode plots is assigned to the recombination at the TiO 2 /electrolyte interface. As seen from Figure 8 , the intermediate frequency peak of YC-1 based device shows a lower frequency than that of YC-2 based device. Based on this result [46] , the electron lifetimes (τ e , 1/(2πf)) are assessed to be 12.5 ms and 7.2 ms for YC-1 and YC-2, respectively. YC-1 possesses a longer τ e in titania films, which could be attributed to a lower rate of charge recombination and higher V oc . Additionally, the radius of the intermediate arc in Figure 8 describes the charge transfer impedance at the TiO 2 /electrolyte interface [42] .
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YC-1 shows a larger arc than YC-2, implying that YC-1 has a more difficult charge transfer than YC-2, which results in a higher electron density in the titania film leading to superior performance for its corresponding device. Likewise, this result could be derived from Nyquist plot (Figure 7 ).
Conclusions
In Table 1 Photophysical data of YC-1 and YC-2 Table 2 Photovoltaic performance parameters of sensitized cells 
